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Quantum dots (QD) in metallic single-walled carbon nanotubes (SWNT) have shown great potential to build
sensitive terahertz (THz) detection devices usually based on photon-assisted tunneling. A recently reported
mechanism based on a combination of resonant QD transitions and asymmetries in the tunneling barriers
results in narrow linewidth photocurrent response with a large signal to noise ratio under weak THz radiation.
However in such devices, due to metallic SWNTs linear dispersion relation, the detection range is intrinsically
limited to allowed energy transitions between equidistant quantized states set by the QD length. Here, we
show that simultaneously breaking translational, rotational and mirror symmetries in metallic SWNT QDs
leads to a quantized spectrum with non-equidistant energy levels. This result stems from tight-binding and
first-principle simulations of a defect-induced metallic zigzag SWNT QD and is validated experimentally by
scanning tunneling spectroscopy studies. Importantly, we show that breaking symmetries in metallic SWNT
QDs of arbitrary chirality strongly relaxes the selection rules in the electric dipole approximation, leading to
a richer set of allowed optical transitions spanning frequencies from as low as 1 THz up to several tens of THz
for a ∼10 nm QD. Such findings make metallic carbon nanotube QDs with broken symmetries a promising
platform to design tunable THz detectors operating above liquid helium temperatures. In this context, we
propose a device design based on a metallic SWNT QD engineered with artificially created defects.
I. INTRODUCTION
Photodetection and emission in the THz regime have
recently attracted a lot of attention from fundamen-
tal and applied research communities.1 This interest is
driven by the ability of THz radiation to penetrate most
dielectric materials non-invasively, opening the way for
numerous possible applications in the fields of medicine,
security, chemical spectroscopy,2–10 as well as data trans-
mission, notably in the framework of the future 6G cel-
lular network.11 Terahertz detectors can be classified in
two main categories based on their underlying detection
mechanisms: thermal detectors, including bolometers,10
and detectors based on collective or single electron excita-
tion mechanisms exploiting properties inherent to quan-
tum confinement.10
In this context, carbon based materials such
as graphene12–15 and single-walled carbon nanotubes
a)Electronic mail: g.buchs@unsw.edu.au
b)Electronic mail: Magdalena.Marganska@ur.de
c)Electronic mail: dario.bercioux@dipc.org
(SWNTs)16 have shown to be promising candidates for
the next generation of THz detectors and sources. Due to
their electronic properties inherited from the band struc-
ture of graphene, SWNTs fall into two classes: metal-
lic or semiconducting.17 Small bandgap semiconducting
and metallic SWNTs with a curvature-induced narrow
gap18,19 are natural candid.pdfates for THz detection.16
Energy transitions in the THz range can be induced in
metallic SWNTs quantum dots (QD) engineered with
contacts18 or artificial defects.20–23 Proposals for THz
detectors based on QDs in SWNTs have been put for-
ward, mostly relying on photon assisted tunneling (PAT)
detection mechanisms involving excitation of electrons
in the leads.24–26 To increase the coupling efficiency be-
tween the THz radiation and the metallic SWNT QD,
integrated antenna structures have been implemented.26
Recently, Tsurugaya et al.27,28 have shown that a single
electron transistor (SET) geometry with nanogap metal
electrodes as an integral part of a bowtie antenna can
produce a narrow linewidth photocurrent response with
a large signal to noise ratio under weak, broadband THz
radiation, due to a combination of resonant transitions
inside the SWNT QD and asymmetries in the tunnel bar-
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2riers. In their work, the metallic SWNT linear dispersion
relation gives rise to quantized states with an energy sep-
aration set by the QD length,20,29,30 thus strongly limit-
ing the detection range.31 In the context of THz detec-
tion, fine tunability over a broad spectral range is highly
desirable.
In this work, we show that simultaneously breaking
translational, rotational and mirror symmetries in metal-
lic SWNT QDs leads to the emergence of an additional
energy scale in the system, which is the internal energy
splitting of the hitherto degenerate valley or isospin dou-
blets. These symmetry breaking mechanisms can take
place in defect-induced quantum dots. We support this
with theoretical analyses based on complementary tight-
binding and first-principle models, as well as an exper-
imental study via scanning tunneling microscopy and
spectroscopy (STM/STS) of a 12 nm metallic zigzag
SWNT QD, defined by Ar+–ion-induced defects. As a
key result, we show that breaking symmetries strongly
relaxes the selection rules in the electric dipole approxi-
mation, leading to a rich set of allowed optical transitions
spanning frequencies from as low as 1 THz up to several
tens of THz. Such features would enable the tuning of
the photodetection over a broad THz spectral range in
the device architecture presented in Ref. [27] by adjusting
the gate voltage, thus making carbon nanotube quantum
dots with broken symmetries a promising platform to de-
sign tunable THz detectors operating above liquid helium
temperatures.
The manuscript is organized as follows: in Sec. II we
give a brief overview of the electronic properties of metal-
lic SWNTs, together with their optical properties and
how these are modified in the presence of defects. In the
first part of Sec. III, we present low-temperature scanning
tunneling spectroscopy studies of a defect-induced QD in
a zigzag metallic SWNT. In the second part, we give a
theoretical account of the electronic structure of the ex-
perimental QD within complementary approaches based
on tight-binding and first-principle models. We explic-
itly evaluate the optical properties of the experimental
QD in Sec. IV. In Sec. V, we present an implementation
proposal for a tunable THz detector based on the optical
response of the QD introduced in Sec. IV. A set of con-
clusions is given in Sec. VI. We complete the manuscript
with technical appendices: in App. A, we present addi-
tional information on the experimental setup presented
in Sec. III A. In App. B, we present in full details the
results obtained with first-principle methods, whereas in
App. C 3 we discusses the influence of defect configura-
tions on the level splitting within the tight-binding meth-
ods. A generalization of our results to all quasi-metallic
SWNT classes is presented in App. D. Finally, in App. E,
we present additional details on the PAT mechanism in-
troduced in Ref. [27 and 28].
II. OPTICAL TRANSITION IN CARBON NANOTUBES:
A GENERAL INTRODUCTION
The atomic lattice of a carbon nanotube corresponds
to rolled-up graphene, with the SWNT’s radius and di-
rection of rolling (so-called chirality) determining the
nanotube’s electronic and optical properties. The elec-
tronic spectrum of SWNTs is composed of a set of one-
dimensional subbands, corresponding to the allowed val-
ues of transverse momentum.32 Close to the charge neu-
trality point (CNP) the lowest subbands form two val-
leys, inherited from graphene. There, SWNTs fall into
two classes, distinguished by the position of the valleys or
Dirac points within the Brillouin zone and named after
their most prominent members.33–35 In the zigzag class,
the two valleys correspond to different transverse mo-
menta, and both are located near the Γ point in the
SWNT’s one-dimensional Brillouin zone. In the arm-
chair class, the two valleys lie on the same transverse
momentum subband, at the distance of ∼ ±1/3 of the
Brillouin zone width from the Γ point. The distinct im-
plications of both classes are more evident in nanotubes
of finite length.34 In the zigzag class, the two valleys are
protected by the rotational symmetry, and the energy
eigenstates are fourfold degenerate with regard to val-
ley and spin degrees-of-freedom.36 In the armchair class,
the valleys are protected only by the translational sym-
metry, which is broken in a system of finite length, and
each quantized longitudinal mode splits into two two-fold
degenerate spin states — symmetric and antisymmetric
combinations of the two valleys.37 From now on we will,
however, omit the spin from our discussion and consider
only of the valley degree-of-freedom and degenerate or
non-degenerate valley- or isospin-doublets.
In the electric dipole approximation, two main sym-
metries govern the optical transitions in SWNTs,38–40 as
shown in Fig. 1(a):
(i) Mirror reflection with respect to a plane perpendic-
ular to the SWNT, denoted by P . This symmetry
is conserved only in achiral nanotubes, i.e. arm-
chair and zigzag;
(ii) Rotation by pi around an axis perpendicular to that
of the nanotube, here denoted by U . This symme-
try is conserved in all infinite nanotubes. In a clean
finite lattice, it can be broken only at the edges.
For photons polarized along the SWNT axis,41 the optical
transitions must occur between states with both different
P and U character.42 The energies associated with differ-
ent optical transitions reflect the features of the nanotube
spectrum. In a generic metallic SWNT of length L, in
the absence of curvature effects,32 the energy levels are
equidistant and all optical transitions occur at multiples
of one fundamental frequency, ωL = pivF/L.
The curvature of the SWNT lattice, which couples the
pi and σ electron bands, almost always opens a gap in
the SWNT spectrum18,43 and the linear dispersion turns
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FIG. 1. Symmetries and optical transitions in a finite zigzag carbon nanotube. (a) P denotes the reflection with respect
to a plane perpendicular to the nanotube axis, U the rotation by pi around an axis perpendicular to that of the SWNT.
Each quantized state in panels (b) and (c) (labeled “v” for valence, “c” for conduction band states) has a pair of +/−
symbols assigned, denoting their character under both symmetry operations, with blue symbols for 〈P 〉n = 〈n|P |n〉 and red
for 〈U〉n = 〈n|U |n〉. The dark/light color corresponds to higher/lower values of |〈P 〉n| and |〈U〉n|. (b) The curvature of the
nanotube lattice opens a gap in the spectrum, thus the energy levels are not all equidistant, but most transitions nevertheless
occur at close-to-integer multiples of ωL = pivF/L. Edge states form within the gap, with no definite symmetry (grey markers).
(c) Under the introduction of several lattice defects, P and U symmetries are broken, thus converting degenerate doublets
into bonding and antibonding combinations of the two valleys, to which an approximate P and U character can be assigned.
Selection rules are relaxed and even transitions within the split doublets are allowed — c.f. Sec. IV for further details. The
eigenstate symmetries are obtained within the exact diagonalization method, see Sec. III B and App. C 3.
into separate valence and conduction bands, as shown in
Fig. 1(b). The quantization is not anymore equidistant
in energy, with the smallest inter-level spacing occurring
close to the band edges. In chiral and zigzag nanotubes,
several end states form inside the gap.44–47 These decay-
ing solutions have neither definite P nor U character.
The presence of lattice defects, such as vacancies,
breaks P and U symmetries as well as the rotational
symmetry around the tube axis, leading to the mixing of
the valleys. Additionally, defects can lead to the possible
formation of QDs with broken symmetries. As a conse-
quence, the valley doublets split and the energy states
are no longer eigenstates of P and U . This situation is
illustrated in Fig.1(c) for a finite zigzag SWNT. Further-
more, defects can create additional states in the bandgap
of the system. Broken symmetries add complexity to the
electronic spectrum compared to the clean case, charac-
terized by non-constant energy splittings in the valley
doublets. This uncovers a pathway to interesting optical
applications based on the possibility of detecting several
THz frequencies within the same device, as we will dis-
cuss in Sec. IV. This conceptual framework of manipulat-
ing the energy spectrum can be validated experimentally
as we will show in Sec. III for a metallic zigzag SWNT
QD. It is worth noticing that the general principles in-
troduced so far apply to any metallic SWNT class —
achiral, zigzag and armchair as well as zigzag and arm-
chair classes — a generalization will be presented in more
details in App. D.
III. A CARBON NANOTUBE QUANTUM DOT WITH
BROKEN SYMMETRIES
In the previous section, we have argued that broken
symmetries in metallic nanotube quantum dots lead to
a rich electronic structure with relaxed selection rules
for optical transitions. In this section, we present an
experimental realization of such a QD whose energy levels
structure is studied via STS, together with a theoretical
analysis based on complementary tight-binding and first-
principle simulations of the system.
A. Experimental evidence
In Figs. 2(a)-2(b), we show STM topography images of
a QD generated by electronic confinement between sep-
arated Ar+ ion-induced defects (labeled d1 and d2) in
a metallic zigzag SWNT. Details of the sample prepa-
ration process as well as on the STM topography and
spectroscopy measurements of defects and defect-induced
40.2 0.3 0.4
-0.4
-0.2
0.0
0.2
0.4
0.6
Sa
m
ple
 B
ias
 (V
)
dI/dV (a.u.) 
0.0 0.5 1.0 1.5
Fourier intensity (a.u.) 
0 5 10 15 20
x (nm)
0 1 2 3
2k (nm-1)
(a)
(b)
d1
d2
10 nm
(c) E down
E up
0.0 0.4 0.8 1.2
v1
k (nm-1)
v2
v3
v4
v5
∆ 1 
= 68 meV
 
∆ 2  
∆ 3  
∆ 4  
 
 
148 meV 
157 meV 
114 meV 
119 meV 
 ∆ 1 
∆ 2 
∆ 3 
∆ 4 
= 65 meV
= 51 meV
= 42 meV
(d) (e)
FIG. 2. (a)-(b) 3D and regular topography STM images
of a quantum dot defined along a metallic zigzag carbon
nanotube between Ar+ ion-induced defects labeled d1 and
d2. (c) dI/dV (x, V ) map recorded along the horizontal
dashed line crossing defect sites d1 and d2 in panel (b). (d)
|dI/dV (k, V ) |2 map obtained from a line-by-line Fast Fourier
Transform of the dI/dV (x, V ) map in the interval between the
transparent masks defined in the left panel. (e) Energy disper-
sion in eV (dashed line) E(k) = 0.47 eV− k·0.693 eV nm with
the k values extracted from the experimental LDOS at the en-
ergies corresponding to the split modes v1-v5 (white dashed
horizontal lines) — for details c.f. App. A. STM parameters
for panels (a) and (b) are: IS = 100 pA, US = 1 V and respec-
tively IS = 300 pA, US = 0.7 V. STS parameters for panel (c)
are: Umod = 12 mV, spatial resolution xres = 1.78 A˚, energy
resolution49 δE ∼ 30 meV, T = 5.3 K. Substrate: Au(111)
surface.
quantum dots are published elsewhere20,21,48 and sum-
marized in App. A. The QD is embedded in a por-
tion of the SWNT which is partially suspended between
a nanotube bundle near defect site d1 and a Au(111)
monoatomic terrace step (2.4 A˚ high) near defect site
d2. In Fig. 2(c), we show a two-dimensional dI/dV (x, V )
map produced from consecutive dI/dV spectra, propor-
tional to the local density of states (LDOS),50 recorded
at equidistant locations along the dashed horizontal line
in panel 2(b). The LDOS in the interval between defect
sites d1-d2 reveals a series of discrete states in the volt-
age bias range ∼ [−0.4, 0.5] V. Such patterns are typical
of “particle-in-a-box” states generated by confined car-
riers.20 In contrast to the features observed in previous
defect-induced QDs, here the quantized states are char-
acterized by a split doublet structure with an energy sep-
aration of the order of about 40-70 meV. To gain more
insight in these features, we performed line-by-line dis-
crete Fourier transforms (see App. A) on the dI/dV (x, V )
map in the space interval defined between the transpar-
ent masks.51 The resulting [dI/dV (k, V )]
2
map for low
k-vectors components, corresponding to intra-valley scat-
tering at defect sites,20 is displayed in Fig. 2(d). It clearly
shows that the third and fourth QD states (labelled v3
and v4) are split by about 51 meV and 42 meV, respec-
tively. Further split doublet states are visible, however
an accurate determination of the energy spacing is pre-
vented by a large broadening of the states beyond the
energy resolution of the setup (δE ∼ 30 meV49). In the
following, we will refer to the higher/lower energy states
of the split doublets as the up/down states.
It is worth noticing that the estimated linewidths of the
states v3 and v4 up/down are about 30 and 60 meV, re-
spectively, which is substantially smaller than the usual
100 meV or more measured with the same energy resolu-
tion (or lower) on previous metallic SWNT QDs in inti-
mate contact with the gold substrate.20,21 We attribute
the associated longer electron lifetime to the suspended
nature of the QD. This suggests that broken symmetry
induced split states might also be present in previously
measured metallic SWNT QDs, however their direct ob-
servation was prevented due to lifetime broadening.
The energy dispersion of the SWNT QD is estimated
to E(k) = 0.47 eV − k ·0.693 eV nm — Fig. 2(e). With
~vF ' 0.693 eV nm, the Fermi velocity is evaluated
to vF ' 10.5 · 105m s−1, in reasonable agreement with
commonly reported values.18 With an estimated QD
length of about 14.5 nm, the expected energy spacing
between consecutive QD states is ∆E = ~vFpi/L '
2.18/L[nm] eV ' 150 meV.20 This is in good agreement
with the experimental values measured between QD up
states in Fig. 2(c). The position of the CNP is estimated
to  = 0.47 eV. This shift can finds its origin in e.g.
a charge-transfer effect due to the metallic substrate.52
More details on the QD structure including the determi-
nation of the SWNT chirality are presented in App. A.
B. Theoretical interpretation
In the following, the experimentally observed energy
spectrum is investigated theoretically in detail in the con-
text of broken symmetry relations. To this end we are
using three complementary methods:
(i) The recursive Green’s function (GF) technique53,54
allows us to calculate the electronic LDOS in a
transport setup, with the QD seamlessly connected
to semi-infinite leads. The QD is defined by the
defects and/or the difference in the chemical poten-
tials between the leads and the central suspended
part. The Hamiltonian is based on a tight-binding
(TB) approach.
(ii) Exact diagonalization (ED) of the TB Hamiltonian
of a SWNT segment of the same length as the ex-
perimental QD: this method gives us access to the
wave functions and the character of the P and U
symmetries.
(iii) First-principles methods (FP) allow us to investi-
gate the influence of the defects atomic structure on
the electronic spectrum of a SWNT QD with bro-
ken symmetries. In addition, this method enables
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FIG. 3. Panel (a): Sketch of the left and right ends of a
metallic zigzag SWNT QD , connected to infinite nanotube
leads (shaded in grey), and defined by three impurities (ma-
genta dots), two on the left and one on the right side of the
QD. Red and blue atoms belong to the A and B sublattice, re-
spectively. Panel (b): LDOS obtained in the GF approach, as
a function of energy and position along the QD axis for the
defect configuration in (a). Panel (c): Line by line Fourier
transform of the LDOS in (b). Panel (d) Fourier transform of
the LDOS obtained by first principle methods, with hydrogen
adatom defects, here, we have implemented a level broaden-
ing of the FP data by 30 meV. Panel (e): spectrum obtained
with the ED method for a finite portion of a zigzag metallic
SWNT with the same length as the QD defined in (a). En-
ergy values of a QD without (squares) and with (full circles)
defects, with the corresponding wavevector on the abscissa.
us to estimate the transparency of defect-induced
tunneling barriers.
The GF/ED and FP methods are presented in details in
App. C 3 and App. B, respectively. Here we present the
insights gained within the three approaches.
The TB Hamiltonian in the single-particle approxima-
tion describing the SWNT system reads:17
HSWNT = −
∑
〈i,j〉
ti,jc
†
i cj +
∑
i
εic
†
i ci, (1)
where the sum runs over next-neighbor carbon atoms
〈. . .〉, and the operators c†i and ci create or annihilate
a pz electron at the lattice site i, respectively. In the
GF method, the hopping parameter is constant ti,j =
t ≈ 2.75 eV,17,55 whereas, in the ED method the hop-
ping parameter depends on the atomic position and takes
into account the curvature of the nanotube.43,56 The sec-
ond term in Eq. (1) describes a modulation of the on-site
energy, modelling either a local shift of the CNP (con-
tinuous modulation) or the presence of vacancy defects
(δ-like potential, simulating infinite barriers). In the case
of a shift of the CNP we have:
εi = 0Θ(xi)[1−Θ(xi − `QD)] , (2)
where `QD is the length of the QD, and Θ is the Heaviside
step function. The value of 0 = 0.47 eV is set to match
the change in the CNP observed experimentally — c.f.
Fig. 2.
In the GF approach, defects are implemented as hydrogen
adatoms, described with the following Hamiltonian:
Hadatom = ε¯d†ndn − td
(
c†pndn + d
†
ncpn
)
, (3)
where, d†n and dn creates or annihilates an electron of
the adatom, and pn is the position of the carbon atom
closest to the adatom. In the case of hydrogen adatoms,
we have used ε¯ = −0.4 eV and td = 5.72 eV. In the GF
approach the TB Hamiltonian describing the SWNT lat-
tice and hydrogen adatoms is then used to calculate the
LDOS of the central QD (for details see Appendix C 3).
Within some approximation, adatoms can be considered
equivalent to vacancies,57–61 and this is how they are
modelled in the ED approach, setting the on-site energy
at the defects to εi = 200 eV. The full TB Hamiltonian
of the isolated SWNT lattice with vacancies in the ED
approach is then diagonalized numerically,62 providing
directly the eigenstate wave functions.
In the experiment, the nanotube QD has a length of
the order of 14.5 nm, but for the theoretical modelling we
use an integer number of zigzag unit cells leading to a the-
oretical QD length of 14.9 nm corresponding to 35 unit
cells. We can address the experimental findings of Fig. 2
considering a SWNT containing three defects, two on one
side of the region where we modulate the onsite energy
and the other on the opposite side63 — c.f. Fig. 3(a).64
Within this configuration, we break the rotation symme-
try and also the sublattice symmetry, though this can
be already achieved with a single defect. In Fig. 3(b)
the LDOS evaluated within the GF approach for this
configuration is displayed, and the corresponding line-
by-line Fourier transform is shown in Fig. 3(c). Clearly
resolved split states with level spacing: ∆3 = 58 meV,
∆4 = 51 meV, ∆34 = 114 meV and ∆45 = 115 meV
are in excellent agreement with the experimental case in
[c.f. Fig. 2(d)]. In Fig. 3(d) we show the Fourier trans-
form of the LDOS obtained within the FP method. In
Fig. 3(e), we show the dispersion relation extracted from
the quantized states obtained within the ED approach
— for comparison, we show the case of the clean, i.e.
defect-less, nanotube as well. The results of the three
methods are in good agreement with each other and with
the experimental results. In the ED and FP approaches,
we have included the curvature of the SWNT, and as
a consequence, the spectrum presents a small deviation
from the linear behavior when approaching the CNP at
0. Additionally, the physical parameters in the FP and
ED methods were chosen differently, leading to slightly
different Fermi velocities. In spite of this, the splitting
is clearly observable also within the ED and FP models.
A similar analysis of an SWNT QD without defects and
with a single defect is presented in App. C 3 for the GF
and ED methods.
While with other defect types the details of the spec-
6trum would be different (cf. Fig. 11 with the results of
FP calculations), the broken symmetries would remove
the valley degeneracy for any defect type.
It is worth mentioning that the split states which
we have experimentally and theoretically observed are
substantially different in nature from the energy split-
tings observed in armchair nanotubes via transport spec-
troscopy by Sapmaz et al. in Ref. [65]. In their case, the
apparent energy splittings arise from the fact that quan-
tized momenta are not commensurate with the position
of the Dirac points, i.e. ±m∆k = ±2pim/L 6= ±K, with
m ∈ N, L being the length of the QD and ±K being the
Dirac points. Additionally, in their experiment the level
spacing is constant within the linear dispersion approx-
imation, whereas the split energies in our case originate
from the breaking of fundamental symmetries in a metal-
lic zigzag SWNT and are not constant in energy.
IV. OPTICAL PROPERTIES: NUMERICAL RESULTS
The optical absorption of photons with energy ~ω and
polarization given by the vector e, stems from the imag-
inary part of the dielectric function ε(e, ω). The optical
absorption of carbon nanotubes is usually calculated un-
der the assumption of a fully occupied valence band and
an empty conduction band.66,67 Nevertheless, the charge
transfer between the SWNT and its environment (sub-
strate and/or leads) usually results in a doping of the
SWNT.52,68,69
Within the electric dipole approximation, the imaginary
part of the dielectric function is obtained from the sum
over all possible transitions, weighted with the Fermi’s
golden rule while keeping track of empty and occupied
states,70,71
Im ε(e, ω) ∝
∑
n`
|〈n|e · p|`〉|2
(En − E`)2 F (ω,En, E`),
where in an isolated system F (ω,En, E`) = [fFD(E`) −
fFD(En)] δ[~ω − (En −E`)], here fFD is the Fermi-Dirac
distribution function. In a system coupled to the envi-
ronment with strength Γ the function F becomes
F (ω,En, E`) =
Γ [fFD(E`)− fFD(En)]
[~ω − (En − E`)]2 + Γ2 . (4)
Allowed transitions are selected by the matrix elements
〈n|e ·p|`〉. If the polarization vector is parallel to xi axis,
these become
〈n|pi|`〉 = m (En − E`)〈n|xi|`〉
=: m (En − E`)Mn`(xi),
(5)
where we used the commutator relation [H,xi] = pi/m,
relating the matrix elements of pi to those of xi. The
expression for Im(ε) becomes
Im ε(ei, ω) ∝
∑
n`
|Mn`(xi)|2 F (ω,En, E`). (6)
As mentioned above, the values of Mn`, and as a con-
sequence the optical transitions in carbon nanotubes de-
pend on the symmetries of initial and final energy eigen-
states, which we obtain from the ED method. The
values of |Mn`(z)| for a clean (12,0) SWNT of length
L = 14.9 nm, assuming photon polarization along the
SWNT axis z, are plotted in Fig. 4(a). The colored
± symbols on the axes encode the P and U parity of
the corresponding states. Only the transitions between
states of opposite P and U parities are allowed, as de-
picted schematically in Fig. 1(b). Since in the clean
nanotube the matrix elements depend only on the eigen-
state symmetries, they are independent of the SWNT
length. The absorption curve calculated from Eq. (6) at
µ = −0.307 eV (between v3 and v4 doublets) shown in
Fig. 4(b) features three main peaks which are split several
times due to non-equidistant energy levels [c.f. Fig. 1(b)].
We will now show how the presence of defects substan-
tially changes the situation. The symmetries fixing the
selection rules in a clean lattice are now broken. This
implies that almost any optical transition is allowed, al-
beit their matrix elements may be small, as illustrated in
Fig. 4(c), and they now depend on the nanotube length.
Importantly, broken symmetries allow for extra intra-
doublet transitions associated with frequencies of the or-
der of a few THz — the lowest optical transition occurs
at ∼ 8 THz. The multiple peaks visible in the absorption
curve in Fig. 4(d) are a manifestation of both the pertur-
bation in the energy levels and of the relaxed selection
rules. Note that the possibility to tune the chemical po-
tential inside a split doublet gap structure would allow
for the first optical transition to occur at a lower THz
frequency. Moreover, since the breaking of symmetries
does not split all doublets equally in energy, an individual
SWNT QD can become sensitive to a broad set of indi-
vidual THz frequencies, provided the chemical potential
is tuned into the correct intra-doublet gap. The optical
absorption curves of a (12,0) SWNT quantum dot with
L = 14.9 nm, calculated using Eq. (6) from the eigen-
states obtained by the ED method, are shown in Fig. 5
for several values of the chemical potential. The values of
µ are chosen to fall between the degenerate valence band
doublets in a clean SWNT — Fig. 5(a) — and inside the
split doublets in a defected SWNT — Fig. 5(b) — shown
in Fig. 1(b),(c), respectively. The highest µ = −0.036 eV
in the clean case lies between the top of the valence band
and the set of localized states at zero energy. The ab-
sorption curve of a clean nanotube shown in Fig. 5(a)
features one peak at each value of µ, corresponding to the
energy distance to the nearest empty level. For the high-
est µ (light blue curve) the first transition (from v1 to c1)
must cross the gap, hence it occurs at a higher frequency.
For the next µ the first transition occurs between the v2
and v1 doublets, closest to the band gap, hence it has a
much lower frequency. For decreasing µ the lowest energy
transitions involve deeper v doublets, and the absorption
peaks tend to the asymptotic value of νL = ωL/(2pi),
which for L = 14.9 nm is νL = vFpi/L = 28.9 THz.
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FIG. 4. Optical transition matrix elements |Mn`(z)| (note the logarithmic color scale) and optical absorption curves with the
chemical potential µ = −0.307 eV, calculated for a (12,0) SWNT with 35 unit cells, for (a),(b) clean lattice and (c),(d) with
three vacancies in the configuration described in Sec. III B. In both cases the length of the QD is L=14.9 nm. The P and U
parity of the n and l states is shown as blue (P ) and red (U) +/− symbols. The dark symbols for symmetry S = U,P denote
0.9 < |〈S〉| ≤ 1, and light symbols 0.5 ≤ |〈U〉| ≤ 0.9. The initial state n is in the valence band. The black grid separates
doublets (vn for valence, cn for conduction band, counted from the bandgap) of extended states. The doublet v0 forms inside
the gap due to the defects and is mostly localized near them. In a clean lattice almost all transitions are forbidden, except for
a few occurring between opposite P and U parity states. In a lattice where those symmetries are broken by the presence of
three vacancies almost all transitions are allowed.
The absorption peaks of a nanotube with the three
vacancies arranged as displayed in Fig. 3(a), shown in
Fig. 5(b), are split with respect to those in 5(a), reflect-
ing the removal of degeneracies. The chemical potential
is now tuned to fall between the split doublet levels. The
low THz part of the absorption curve in the defected
SWNT, plotted in Fig. 5(c), shows a significant enhance-
ment of the optical absorption at frequencies below 20
THz for several values of µ. The v0 doublet results from
a hybridization between the SWNT and defect states,
and has no symmetry. The curves for µ = −0.03 (inside
v0) and µ = −0.074 (v1) feature several low-frequency
peaks due to several allowed transitions between close
doublets v0 and v1. The first of the regularly spaced
strong peaks with low frequency occurs at ν1 = 4 THz,
µ1 = −0.182 eV and the peaks for negative smaller value
of µ can be observed at νn ' ν1+nν0, with ν0 = 2.5 THz.
Thus, by tuning the chemical potential of a single quan-
tum dot we can access several THz frequencies. We ex-
pect similar functionality from longer nanotubes, where
the levels are more closely spaced. The devices could
both operate at lower frequencies27 and offer the same
tunability with smaller variation of the chemical poten-
tial.
V. SWNT TERAHERTZ DETECTOR: PROPOSAL
Encouraged by recent formidable technological ad-
vances in high-performance SWNT devices fabrication,72
we propose a design for a tunable THz detector device
based on a SWNT QD with broken symmetries. To ex-
tract a sizeable photocurrent from active transitions, we
base our design on the device described by Tsurugaya et
al. in Ref. [27], allowing for high sensitivity and narrow
photocurrent response. The proposed device architecture
is sketched in Fig. 6(a) with the main elements being a
QD with broken symmetries defined in a metallic SWNT
of arbitrary chirality (or controlled chirality using one of
several recently developed procedures73–76), placed be-
8FIG. 5. Absorption curves in the THz regime for a clean
(a) and defected (b),(c) (12,0) SWNT with 35 unit cells (L =
14.9 nm), for several values of the chemical potential, given
in the plots in eV units. Note that the frequency range in (c)
is lower than in (a) and (b). The parameter Γ (cf. Eq. (4)) is
set to 10−4 eV throughout this paper.
tween contacts incorporating a THz antenna to achieve
a good coupling efficiency between the long-wavelength
THz radiation and the SWNT QDs.27,77 To better focus
the THz light onto the antenna, a hyper-hemispherical
silicon lens can be placed on the back surface of the sam-
ple.27,28 The tunability of the detector is achieved by
means of a global back gate. The contacts to the external
nanotube leads can be made using state-of-the-art tech-
niques able to suppress the Schottky barrier and lower the
contact resistance below the quantum resistance. This is
important to avoid embedding the QD in another, larger,
QD that would be defined by the contacts. Typical ma-
terials satisfying this condition are Mo, Pd or Au.78–80
The working principle of our THz detector proposal,
similar to the one in Ref. [27], is illustrated in Fig. 6(b)-
(d). For simplicity we consider only one non-degenerate
doublet (spin omitted) with the higher state u separated
by the energy δE from the lower state d. The two
states couple differently to each lead — see Fig. 6(b)
— so that a photocurrent can flow at zero bias.27,81 In
order to tune the device in resonance with different THz
frequencies, we need to set the chemical potential of
the dot so that only the lower state d is occupied and
only the transition to the higher u state is allowed. This
can be achieved both for (i) opaque and (ii) transparent
barriers between the QD and the leads.
(i) With tunneling barriers sufficiently opaque
(Rt  h/e2), the dot can operate in the Coulomb
blockade regime,27 i.e. for Γ
u/d
S/D  δE < EC,
the dot is occupied by a well defined number
of electrons N . Here, Γ
u/d
S/D are the tunneling
rates to source (S) and drain (D) contacts for
the two levels of the doublet, respectively, δE
is the splitting energy and EC is the charging
energy. In this regime, the nanotube QD can be
in one of four many-body states: 0, 1d, 1u or 2
electrons (1d + 1u). The electrochemical potential
for adding one electron is µ1 for 0→ 1d transition,
∗µ1 for 0→ 1u, µ2 for 1d→ 2 and ∗µ2 for 1u→ 2
transition. At zero bias voltage, if the chemical
potential of the dot lies inside one of the shaded
ranges shown in Fig. 6(d), illuminating the dot
with light at frequency ν = δE/h will promote the
single electron from the d to the u state. From
there, two processes displayed in Fig. 6(c) can take
place.27,81 The first process called (N − 1) involves
temporarily emptying the QD. There, the electron
in the state u tunnels out to the lead presenting
the lowest tunnel barrier. Then the state d is
refilled from the leads, resetting the device. The
second process called (N + 1) involves temporarily
increasing the occupation of the QD. There, the
state d is filled from the leads before the electron
in the state u tunnels out. The final state of the
QD is the same as for the (N − 1) process, i.e. a
single electron occupying the ground state d. If
the left and right tunnelling rates for either the
ground or the excited state are asymmetric, the
charges will flow preferentially in one direction,
thus generating a measurable photocurrent.27,81
The large charging energy EC will prevent other
transitions from occurring.
(ii) The proposed device could also operate in a regime
with transparent barriers (i.e. Rt < h/e
2) where
the interactions are negligible — c.f. Fig. 6(e).
In this case EC = 0 and the dominant energy
scale is the level spacing ∆E between consecutive
doublets, imposed by the size quantization,20 i.e.
Γ
u/d
S/D  δE < ∆E. With a suppressed charging en-
ergy the chemical potentials would obey µ1 = ∗µ2
and ∗µ1 = µ2, and if the gate voltage is tuned into
the shaded regions, both (N − 1) and (N + 1) pro-
cesses can occur. The next doublet, split by δE′,
lies at an energy ∆E above, this is large enough to
prevent its occupation. The device in this regime
would again be sensitive mainly to the resonant fre-
quency of the doublet splitting. An advantage of
this setup is the large photocurrent that would be
generated (higher Γ
u/d
S/D), but for the same reason
the optical response peaks would be significantly
broader.
Additional details of the two possible PAT mechanisms
are presented in App. E.
The physical implementation of the QD requires a tech-
nique enabling robust asymmetric tunneling barriers sep-
arated by about 10–15 nm. Additionally, we require the
breaking of all symmetries (translational, mirror and ro-
tational). As discussed in Section III, point defects are
good candidates to satisfy these conditions. These can be
9FIG. 6. (a) Sketch of the proposed device. The QD is de-
fined by two lattice defect sites and its chemical potential
is tuned with a back gate. (b) For simplicity we consider a
quantum dot with one non-degenerate doublet (spin is omit-
ted), with the u and d states split by δE and coupled differ-
ently to each lead. (c) The processes leading to the appear-
ance of the photocurrent involve a temporary emptying of
the dot (N-1 process) and/or a temporarily increased occupa-
tion (N+1 process). (d) Working ranges of the gate potential
in the Coulomb blockade regime, with charging energy EC
and the weak couplings obeying Γ
u/d
S/D  δE < EC. When
the gate potential is tuned so that the chemical potential of
the leads falls in the shaded regions, the photocurrent can
flow, either through an N-1 or N+1 process. (e) If interac-
tions can be neglected, the dominant energy scale is ∆E, the
separation between doublets. In this regime EC = 0 and
Γ
u/d
S/D  δE < ∆E. The operational gate voltage window for
the next doublet with δE′ splitting is also shown. In each
window both (N − 1) and (N + 1) processes can occur.
generated with the same Ar+-ions irradiation technique
used in the experimental setup presented in Sec. III A,
calibrated for a defect separation of about 10–15 nm.20,22
This technique mainly gives rise to single and double va-
cancies (DV) and combinations thereof.48,82 To increase
the yield of QDs with the target length and defects con-
figurations able to break P and U symmetries, techniques
based on focused electron beams could be used.83 The re-
sulting spectrum would depend on the type of generated
defects — e.g., as shown in Fig. 11, only the conduction
band could feature split doublets and this would define
the operating range of our device. In this context, DVs
are especially interesting for a practical device due to
their robustness characterized by a migration barrier of
about 5 eV.84 The scattering strength of DV’s, in other
words their tunnel barrier width, is energy dependent22
and DV’s with different orientations have different scat-
tering profiles, leading to QDs with asymmetric tunneling
barriers.20–22,85 Thus, robust SWNT QDs with asymmet-
ric tunneling barriers and all three symmetries simultane-
ously broken could be realized in different configurations
of two DV’s separated by 10–15 nm along the SWNT
axis with the condition that the absolute value of the
angle between the DV axis (3 different orientations) and
the perpendicular axis of the SWNT is different for each
DV, independently of its position along the circumference
of the SWNT, as shown in Fig. 11. Simulations indicate
that the resistance Rt of a single DV in a metallic SWNT
can vary between about Rt(DV) = (0.15–0.5) h/e
2, de-
pending on the energy and orientation,22,86 and would
thus drive the QD in the transparent barriers regime (ii)
described above. Note that the Coulomb blockade regime
(Rt  h/e2), has been observed in defect-induced QDs,
however the exact atomic structure of the defects is un-
known.87
Devices with SWNT QDs lying on a substrate, typ-
ically SiO2, usually suffer from significant substrate-
or/and process-induced disorder especially when the elec-
tron density is reduced. An elegant method to avoid this
issue is to define the QD in a so-called ultra-clean sus-
pended nanotube where all chemical processing is done
before the SWNT growth.88,89 Alternatively, short QDs
operating in the Coulomb blockade regime can be gen-
erated by controlled kinks produced by an AFM tip,23
or usual contact Schottky barriers, however in this case
reaching QD lengths in the order of 10–15 nm and break-
ing all symmetries are more challenging. Within the ar-
chitectures described above, the 10–15 nm QD is defined
along a metallic SWNT portion which length is defined
by the contacts gap. The two nanotube segments that
are bridging the QD and the metallic leads must be suffi-
ciently long in order to behave like leads, i.e. they must
hold a large density of states for electrons to be able to
tunnel in and out of the QD.
The width of the photocurrent response peak will be
determined either by the coupling to the leads or by the
temperature. Both energy scales must not exceed the
lowest photon energy which we want to detect. If the
lowest allowed energy transition of the QD (see the dis-
cussion at the end of Sec. IV) corresponds to 1.5 THz,
the resulting tunneling rate will be ∼ 6.2 meV, corre-
sponding to a temperature of ∼ 72 K. This would allow
the device to operate at liquid nitrogen temperatures.
VI. CONCLUSIONS
In this work, we have shown that lattice defects can si-
multaneously break translational, rotational and mirror
symmetries in metallic SWNT QDs leading to an irreg-
ular quantized energy spectrum characterized by states
with non-equidistant energy spacings. We have demon-
strated experimentally and theoretically that such sym-
metry breaking mechanisms can be achieved e.g. in
defect-induced QDs. In this context, we presented low-
temperature STM/STS studies of a defects-induced QD
in a metallic zigzag SWNT supported by models based
on tight-binding and first-principle simulations.
As a key result, we have shown that breaking sym-
10
metries relaxes the selection rules in the electric dipole
approximation in a significant manner, leading to an ex-
tended set of allowed optical transitions spanning fre-
quencies from about one to several tens of terahertz.
We used these features to propose a THz detector de-
vice based on single-electron transistors similar to one
presented in Ref. [27], thus enabling a high level of tun-
ability. Importantly, our findings make carbon nanotube
quantum dots with broken symmetries a promising plat-
form to design tunable THz detectors that could operate
at liquid nitrogen temperatures.
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Appendix A: Experimental methods
1. Sample fabrication
Our sample is based on extremely pure HiPCo
SWNTs,90 with an estimated diameter distribution of
0.6-1.4 nm and a measured intrinsic defect density <
5 µm−1, deposited on atomically flat Au(111) surfaces
from a 1,2-dichloroethane suspension.48,49,91 We irradi-
ated the samples in situ with ∼ 200 eV Ar+ ions to
achieve a defect separation along the SWNTs of about
10 nm.20,48
2. Sample measurement
We performed scanning tunneling microscopy and
spectroscopy (STM/STS) measurements at ∼ 5 K with
a commercial (Omicron) setup operating at a base pres-
sure < 10−10 mbar. We recorded topography images in
the constant current mode with the sample grounded,
using mechanically cut Pt/Ir tips. Differential conduc-
tance dI/dV spectra have been recorded using a lock-in
amplifier.49,92 All STM topography images are processed
using the free software WSXM.93
Defect induced by Ar+ ions appear as hillock-like pro-
trusions with apparent height and lateral extension in
the range 0.5-4 A˚ and 5-30 A˚, respectively. In previ-
ous studies where STM/STS experiments were combined
with first-principle calculations, it was shown that 200 eV
Ar+ ion irradiation mainly gives rise to single or double
vacancies as well as C ad-atoms on the wall of SWNTs.48
More detailed topography images of the SWNT config-
uration discussed in Sec. III A are shown in Fig. 7. At
the crossing site, it is expected that the upper metal-
lic zigzag nanotube portion follows the contour section
of the underneath bundle with a slight compression.94,95
Here, the topography image seems to indicate that the
upper nanotube portion is not deformed by the bundle.
The dI/dV (x, V ) maps are produced from consecutive
dI/dV spectra recorded at equidistant locations along a
line, usually following the SWNT axis. A spatial extent
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FIG. 7. (a)-(b): 3D topography STM images (processed
with open source WSXM software93) of a ∼ 60 nm metallic
zigzag carbon nanotube portion lying on a Au(111) substrate
(IS =100 pA, US =1 V, T = 5.3 K). Local defects induced
by collisions with ' 200 eV Ar+ ions appear as hillock-like
protrusions. The showcased SWNT portion is crossing a nan-
otubes bundle in the vicinity of defect site labelled d1. In
the vicinity of d2, it intersects a Au(111) monoatomic terrace
step. (c): The topography image corresponds to the dashed
white rectangle drawn in (a) (IS =292 pA, US =800 mV).
(d): Height profiles along three different parallel dashed lines
labelled 1 (substrate above), 2 (SWNT axis), 3 (substrate
below) in (c).
mismatch between the topography image and the consec-
utively recorded dI/dV (x, V ) map of about 7%, due to
the piezoelectric voltage constant dependence on the scan
velocity has been corrected by means of a compression of
the x scale in the dI/dV (x, V ) map.
A more detailed view on the individual quantized
states is given in Fig. 8. Profile linecuts of the LDOS
through the split doublet states are fitted with the func-
tion20,21
|ψ(k, x)|2 = A+B sin(2kx+ φ) . (A1)
The rapid modulation superimposed on the envelope of
the resonant quantized states, clearly visible in panel
(b), is the result of larger k-components corresponding
to inter-valley scattering between K and K′ Dirac cones
whose degeneracies have been lifted by the presence of
the defects.20,21
Line-by-line Fourier transforms are implemented with
a zero padding FFT routine coded in Python:
data_fft = np.fft.rfft(line,10*np.size(line,0))
norm_fft = np.abs(data_fft)**2
with line being a one dimensional array containing the
data dI/dV (x, V ) for a fixed value of V .
3. Determination of the SWNT chirality
In practice, the (n,m) chirality of SWNTs is often de-
termined from topography measurements of chiral an-
gles θ and STS spectra96 compared with tables based on
numerical simulations for interaction-free SWNTs, e.g.
Ref. [97]. An unambiguous determination of the (n,m)
chirality is often prevented due to systematic errors of the
order of ± 1◦ in the chiral angle measurement and renor-
malization of measured bandgaps due to effects inherent
to the nanotube-substrate interaction.22,98
In metallic SWNT quantum dots, [dI/dV (k, V )]2
maps, recorded inside a QD, reveal electronic scatter-
ing induced patterns where the positions of energy de-
pendent k-components depend on the chiral angle θ.20
In other words, each chiral angle is characterized with
unique patterns in the Fourier space. Figure 10 show-
cases the same [dI/dV (k, V )]2 map as in Figure 2(b),
but here with k-component values extending up to the
Nyquist limit pi/xres. The presence of a single scattering
cone around 2k = 14.75 nm−1 points to a zigzag metallic
SWNT49 (cos(pi/3)|kF| ' 14.75 nm−1).
Figure 9 illustrates the conventional method for chiral-
ity determination.96 Panel (c) shows a zoomed-in region
between defects d1-d2 in the STM current image shown
in panel (b), revealing a
√
3 × √3R30◦ superstructure
induced by large-momentum scattering of the electrons
at the defect sites d1-d2.91 A superimposition of the
graphene honeycomb lattice (in white) rotated counter-
clockwise by 0.7◦ in order to compensate for the tilt angle
fits the superstructure very well. The superstructure is
made even more evident after applying a narrow band-
pass filter centered on the 6 Fermi vector components of
the 2D FFT spectrum obtained from panel (c), followed
by an inverse FFT resulting in the real space image dis-
played in panel (e). From these considerations, we find
θ ' 0◦, revealing a zigzag or close to zigzag SWNT.
From the results obtained in Figs. 9 and 10, we can
confidently claim that the SWNT under investigation in
Fig. III A is of metallic zigzag type. The diameter of
the SWNT under investigation, therefore its (n, 0) index,
cannot be reliably extracted from the STM topography
image due to tip-nanotube interactions which are usu-
ally challenging to quantify.99 However, the central value
of the estimated diameter distribution of our SWNT
batch49 reasonably points to a (12, 0) SWNT. It is worth
noticing that the [dI/dV (k, V )]2 map in Fig. 10 displays
a missing left-mover branch at the scattering cone com-
pound centered around 2k = 14.75 nm−1. Such particle-
hole symmetry breakings have been observed several
times in other defect-induced metallic SWNT QDs20,21
and have been attributed to electron scattering selection
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FIG. 8. (a) dI/dV (x, V ) map shown in Fig. 2, (b) linecuts of dI/dV (x, V ) at each split doublet state (up and down).
FIG. 9. (a) STM topography image of the SWNT quan-
tum dot defined by defect sites d1 and d2 (IS = 292 pA,
US = 800 mV). (b) STM current image corresponding to
the topography image in panel (a). (c) Zoom image taken
between d1 and d2 in panel (b), with superimposed carbon-
carbon honeycomb lattice. (d) 2D-FFT of the image in panel
(c), with k = 2pi/λ convention. (e) Inverse FFT image ob-
tained from the six kF components, bandpass filtered with
identical rectangular windows (FFT tools from WSXM93).
rules linked to reconstructions between atoms from the
same sublattice in double vacancy structures100.
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FIG. 10. |dI/dV (k, V ) |2 map obtained from line-by-line zero
padding FFT’s applied on the dI/dV (x, V ) map in Fig. 2(b).
This map is showcasing the full data set up to the Nyquist
frequency fN = pi/xres.
Appendix B: First-principle investigation of complex
quantum dots in carbon nanotube
The electronic structure of various finite (12, 0)
SWNTs containing different types of defects was investi-
gated by means of density functional theory (DFT) calcu-
lations performed using the CP2K code.101 Specifically,
we considered the following type of defects: hydrogen
adatoms, single vacancies and double vacancies. For all
atomic species, we used a DZVP Gaussian basis set102
with norm-conserving Goedecker-Teter-Hutter103 pseu-
dopotentials. A 400 Ry cutoff was used for the plane wave
basis set, and the PBE parametrization for the general-
ized gradient approximation of the exchange correlation
functional was used.104 The computational cell was ob-
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FIG. 11. Density functional theory based scanning tunnelling spectroscopy calculations for carbon nanotubes with (a) hydrogen
adatom defects, (b) single carbon vacancy defects and (c, d) double carbon vacancy defects. Panels (a),(b) and (c) show results
for tubes which are terminated right after the defects, while in (d) the ends of the tube are 37.5 nm away from the defects.
Each panel shows the defect geometry (backside hidden for clarity; top), the LDOS between the two defected regions (bottom
left) and Fourier transform of the LDOS (FT-LDOS; bottom right). White atoms are hydrogen, gray atoms are carbon and
dark gray atoms show the locally relaxed carbons. In all cases, in the FT-LDOS we see bright states with a regular energy
spacing of ≈ 110 meV, corresponding to the quantized particle-in-box states between the two defected regions. Three of these
states are shown by white arrows in positive and negative energies of all the systems. Due to the defects, the double degeneracy
of these states is lifted and we see the partner-states at a different energy (red arrows). This energy splitting varies depending
on the defect type and possibly energy position. The splitting (meV) of the closest (to CNP) identified pair of states is shown
for positive (∆+) and negative (∆−) energies.
tained by adding 8 A˚ on each side of the bounding box
of the simulated system. The ends of the SWNT and
the point defects show spin polarization in case of an
unrestricted DFT calculation, but at the level of LDOS
analysis the effect is negligible, which was confirmed for
the case with hydrogen defects. Other DFT calculations
were ran in the restricted Kohn-Sham formalism.
A finite clean SWNT, i.e. without defects, was set up
using an equilibrium graphene carbon-carbon distance
of 1.42 A˚ . The carbon atoms at the end of the nan-
otubes were terminated with single hydrogen atoms at
a distance 1.14 A˚ . To model the experimental system,
two short SWNT portions containing the defects, sepa-
rated by 35 clean unit cells of the metallic zigzag SWNT
(14.9 nm), were introduced in the SWNT lattice. The
three types of defects were positioned to match the tight-
binding model shown in Fig. 3. The geometry for each
defect type was first relaxed locally (up to second nearest
carbon neighbors) in a short finite tube of length 2.6 nm
until forces were lower than 0.005 eV/A˚(see geometry
panels in Fig. 11 for exact defect positions and the lo-
cally relaxed atoms (dark-colored atoms)). Two different
SWNT lengths were used:
1. Short SWNTs terminated by one single unit cell
beyond the two SWNT portions containing the de-
fects, to study the energy quantization and splitting
patterns in a particle-in-a-box fashion;
2. A 89.9 nm long SWNT (211 unit cells, 10146
atoms) with the 14.9 nm defect-induced QD in the
center to study a more realistic system.
Scanning tunneling microscopy simulations were per-
formed using the DFT Kohn-Sham orbitals within the
Tersoff-Hamann approximation, with an extrapolation of
the electronic orbitals to the vacuum region to correct for
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the decay due to the localized basis set.50,105 The LDOS
across a plane placed 4 A˚ above the nanotube was calcu-
lated. A weighted average with a 3 A˚ FWHM Gaussian
filter was performed in the direction perpendicular to the
tube axis to obtain a one-dimensional LDOS similar to
an experimental STS line scan — Fig. 2(c). The one-
dimensional LDOS was cropped to the region between
the two defects and a Fourier transform was performed
in order to analyze the contribution of the discrete elec-
tronic orbitals to the band structure. To remove unphys-
ical zero-frequency modes and to increase the quality of
the Fourier transform, we subtracted the average from
the LDOS and zero-padded the LDOS with twelve times
the length.
The LDOS and its Fourier transform for all the studied
systems are shown in the various panels of Fig. 11. The
system with the hydrogen adatom defects in Fig. 11(a)
shows a degeneracy lifting of around 40 meV for the fron-
tier occupied and unoccupied states. This splitting gets
progressively reduced and around energies ±600 meV be-
comes almost negligible. Same behaviour was observed
for the experimental case shown in Fig. 2. The system
with the single carbon vacancy defects Fig. 11(b) rep-
resents a peculiar case, where the degeneracy lifting be-
haviour of occupied and unoccupied states is very dif-
ferent. Occupied states show no energy splitting, while
unoccupied states show irregular behaviour with varying
splitting (first clearly identified state-pair shows splitting
of 30 meV but this is considerably reduced for the next
pair). The system with double vacancy defects Fig. 11(c)
shows a very regular behaviour with an energy splitting
of 22 meV and 17 meV for the occupied and unoccupied
states, respectively.
The long nanotube with double vacancy defects
Fig. 11(d) shows a much more continuous spectrum com-
pared to the short tubes due to hybridization of the states
between the defects with the other parts of the tube.
However, the quasi-bound states between the two defects
are still clearly visible as bright dots in the FT-LDOS,
especially in the positive energies. Interestingly, the split-
ting is increased compared to the same defect configura-
tion in the short tube: now the states show splitting of
35 meV and 30 meV in the negative and positive ener-
gies, respectively. Additional results for the longer nan-
otube containing combination of the considered defects
show similar results. Furthermore, the optical transition
matrix elements were calculated for the clean tube and
the tube with hydrogen adatom defects and the resulting
selection rules qualitatively confirmed the tight-binding
results shown in Fig. 4.
Appendix C: Tight-binding methods
In this appendix we provide some additional technical
detail related to the GF and ED methods introduced in
Sec. III B, both based on a tight-binding approximation
of the Hamiltonian describing the nanotube. Addition-
ally, using these two methods we will analyze the cases
of a SWNT with no defects or with only one defect.
1. Green’s function method
The Green’s function method is based on the Hamilto-
nian describing the SWNT in Eq. (1), and the term (2)
for the suspended region. Finally, the term in Eq. (3)
accounts for the presence of hydrogen adatoms. These
three terms describe the central part of the system HC.
The full Hamiltonian of the SWNT QD plus contacts
reads
HGF = HC +HR +HL + VL + VR,
where VL, VR are the matrices coupling the central region
with the left L and right R semi-infinite seamless leads,
described by HL/R.
The Green’s function of the SWNT QD is defined
as:53,54
G(E) = 1
E −HC − ΣL − ΣR ,
where ΣL/R are the self-energy of the left and right
lead, respectively. The self-energies are evaluated as
Σ` = V`C g` V
†
`C with ` = L,R, and g` = (E − H`)−1
is the renormalized Green’s function of the semi-infinite
lead `.
In order to compare with the experimental results of
the STM, we evaluate the LDOS via the retarded Green’s
function matrix element,106 in a particular position of a
carbon atom x:
D(x,E) = − 1
pi
Im〈x|G(E)|x〉,
where Im[...] denotes the imaginary part. In order to get
a smooth LDOS on the surface of the carbon nanotube
and account for the finite size of the STM tip, we have
performed a convolution of the LDOS trace along the
SWNT with a function of the form exp(−λr), where r is
the distance of a fictitious tip of a STM from the carbon
atom at x, and λ is an opportune constant.100
2. Exact diagonalization method
The matrix elements of the tight-binding Hamilto-
nian Eq. (1) are calculated using the expression for the
hopping between nearest-neighbour atoms i and j in
Ref. [56],
ti,j = Vpi cos(ϕi−ϕj)− (Vσ−Vpi)R
2
a2C
[1− cos(ϕi − ϕj)]2 ,
with the hopping integrals Vσ = 6.38 eV and Vpi =
−2.66 eV,107 R the nanotube radius, aC = 1.42 A˚ the
carbon-carbon nearest neighbour distance and ϕi the po-
lar coordinate of the atom i. Without defects the on-site
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FIG. 12. (a): Sketch of the left and right end of a metallic zigzag SWNT with a suspended section and without impurities.
(b) LDOS as a function of the position along the tube and of the energy for the case in (a). (c) Fourier transform of the LDOS
in (b). (d) Wave function spectrum for a finite portion of tube with the same length as the suspended region in (a). (e): Sketch
of the left and right end of a metallic zigzag tube with a suspended section and a single defect of the left side. (f) LDOS as a
function of the position along the tube and of the energy for the case in (e). (g) Fourier transform of the LDOS in (f). Panel
(h) Wave function spectrum for a finite portion of tube with the same length as the suspended region in (e). The splitting of
the levels is barely visible in (h) and not resolved in the FT of the LDOS in Panel (g).
energies εi are zero, in the case of lattice with vacancies
εi = 200 eV at the vacancy sites and zero otherwise.
The numerical diagonalization of the Hamiltonian ma-
trix yields directly its eigenvectors, ψn = {ψn,i}. The
eigenstate |ψn〉 of the finite lattice is constructed as
|ψn〉 =
∑
i ψn,i|Ri〉, where i runs over all atoms in the fi-
nite SWNT lattice of the central QD and |Ri〉 represents
the pz orbital at the site Ri. The action of the reflection
symmetry P and perpendicular rotation U is to permu-
tate the set of Ri, mapping Ri → RPi and Ri → RUi,
respectively. The symmetries of the eigenstates are then
calculated from the scalar products
〈ψn|S|ψn〉 =
∑
i
ψ∗n,iψn,Si,
where S = P,U . The matrix elements Mn`(z), determin-
ing the optical transitions for photons polarized along the
SWNT axis z, are calculated as
Mn`(z) = 〈ψn|z|ψ`〉 =
∑
i
ziψ
∗
n,iψ`,i,
with the origin of the z axis set in the geometric centre
of the nanotube lattice.
3. Additional results within the Green’s function and
exact diagonalization approaches
First we show the case of a finite suspended portion of
SWNT and check that for this specific case the degener-
acy of the metallic mode is preserved. In the Fig. 12(a) to
12(d) we present the case where the onsite energy is spa-
tially modulated in order to model the suspended part
of the SWNT and no structural defects are introduced
— clean case. Specifically, we have set an onsite energy
producing a change the in CNP compatible with the ex-
perimental observation of 0. This specific onsite energy
configuration, depicted in the Fig. 12(a) as a change of
color between the two contacts, does not break rotation
symmetry, thus it does not lift the twofold degeneracy
of the metallic mode. This is quite clear in the LDOS,
and in its Fourier transform obtained via GF method,
Figs. 12(b) and 12(c), respectively. This result is con-
firmed in the ED spectrum of a finite portion of SWNT
corresponding to the suspended part [Fig. 12(d)]. Com-
paring Figs. 12(b) and 12(d), we see clearly the role of
contacts in broadening the system energy levels.
In the Figs. 12(f) to 12(g) we consider the presence of
a single defect on the left side of the suspended region
placed on an A carbon atom of the nanotube lattice. In
this case we expect a breaking of the rotation symmetry
and a lifting of the twofold degeneracy of the metallic
mode. This can be observed in the Fig. 12(h), where
the tiny splitting of the discrete energy levels obtained
by the wave function method can still be distinguished.
However, this splitting is completely hidden by the pres-
ence of the contacts in the case of the Green’s function
method shown in Fig. 12(b). The contacts are inducing
a level broadening that is larger that the splitting energy
due to the lifting of the symmetry.
Note that with such short lattice fragments the level split-
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ting is highly sensitive to the placement of the single de-
fect. The left edge is formed by only B sublattice atoms
and the A component of the unperturbed wave function
has very low amplitude near the left end of the SWNT.
A defect on a B sublattice at the left end (or on A sub-
lattice on the right end) would produce a larger splitting,
though still smaller than that observed in the experiment.
Appendix D: Optical absorption in nanotubes of non-zigzag
chiralities
As we have stated in Sec. II, the optical response of a
QD created on an SWNT of any chirality follows from
the same physical mechanisms. The two requirements
for the manifestation of low-THz absorption peaks are (i)
lifting of the level degeneracy and (ii) breaking of sym-
metries, which allows the optical transitions between the
doublet states to occur. In the Fig. 13 we show the energy
spectra (obtained numerically) of four isolated SWNTs
of different chiralities, with similar lengths of ∼15nm and
minimal boundaries. Together they represent all chiral-
ity classes.34 The clean lattice spectra of pure zigzag and
zigzag class SWNTs at low energies are doubly degener-
ate. In these chirality classes the defects provide both
a removal of doublet degeneracy (by breaking the rota-
tional symmetry) and a breaking of the U (and P , in
pure zigzag) symmetry. In the armchair-related classes,
where the valleys are protected not by rotational but by
translational symmetry, the finite nature of the lattice is
enough to mix the valleys and lift the level degeneracy.
The defects are however still necessary, since by breaking
the U (and P , for pure armchair) symmetries they allow
intra-doublet transitions to occur.
The optical absorption of an armchair-class and pure
armchair in Fig. 14 for short SWNTs shows very simi-
lar features to that of the pure zigzag presented in the
main text. The lifting of the valley degeneracy in a clean
lattice is visible through the presence of double absorp-
tion peaks for the clean lattices in Fig. 14, indicating two
energy scales for optical transitions. In the (12,3) SWNT,
which does not have reflection symmetry, the transitions
between the doublets are possible even in a clean lattice,
causing weak absorption peaks to appear in the low THz
range. Many additional peaks appear at high frequencies
for a lattice with vacancies in Fig. 14. Most importantly,
the broken symmetries allow also strong low-THz opti-
cal transitions to occur. Hence we conclude that our
proposed THz detector can be realized with SWNTs of
arbitrary chirality.
Appendix E: Photon assisted tunneling processes
We present here a more detailed discussion of the two
tunneling processes induced by photon absorption in the
Coulomb-blockaded quantum dot with charging energy
EC, for simplicity again omitting the spin. Both the tem-
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pure 
zigzag
armchair
class
zigzag
class
pure 
armchair
clean
defects
x5x3 x2 x3
FIG. 13. Energy spectra of isolated finite SWNTs in four
different chirality classes, with approximately the same length
of ∼ 15 nm. Bullets mark the energy levels of a clean lattice,
open circles the levels of a lattice with three vacancies: two
near the left end on A and B sublattice, one near the right
end on the B sublattice. The number of doublets (for clean
lattice) or states (for lattice with vacancies) at zero energy is
indicated next to the appropriate marker.
porary emptying (N − 1 process) and temporary filling
(N + 1 process) of the dot start from the same initial
many-body state, the ground state of the dot with N
electrons, where the N -th electron occupies the lower, d
state of a split doublet. In both processes the first stage
is the absorption of a photon and the subsequent excita-
tion of the N -th electron to the higher, u state.
In the N − 1 process, illustrated in Fig. 15(a), in the
initial stage the gate voltage is applied in such a way
that the chemical potential of the leads is between µN
and ∗µN , and no tunneling can occur. After the pho-
toexcitation the chemical potential of the dot is higher
than that of the leads, and the second step, N∗ → N − 1
transition becomes possible. Since the chemical potential
of the leads is higher than µN , in the last step the dot is
refilled from the leads, by tunneling into the d state and
resetting the device.
In the initial stage of the N + 1 process shown in
Fig. 15(b) the N -th electron is in the d state, but the
chemical potential of the leads lies between ∗µN+1 and
µN+1. The photoexcitation promotes the electron to the
state u, allowing the dot to be filled from the leads by
an N∗ → N + 1 transition. Since µN+1 is again higher
than the chemical potentials of the leads, the dot returns
to the initial state by a N + 1 → N process, where the
N + 1-st electron tunnels out from the excited state.
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FIG. 15. Energy balance in the three stages of an (a) N−1 and (b) N+1 tunneling process at zero bias. The tunneling occurs
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reaching up to the chemical potential of the leads. The chemical potential of the dot at each stage is the highest marked with
a solid line; chemical potentials marked with dashed lines correspond to unoccupied many-body states; either unreachable by
tunneling because of the energy cost (e.g. µN+1 in the first panel of (b)) or because the QD is not in the required initial state
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